Using a comparative approach, we examined the gut morphology of 6 ecologically similar rodent species coexisting in an African savanna. Although all species are primarily granivores, we aimed to establish whether modifications of the gut morphology exist that would promote the potential for exploiting different food types, particularly foliage. The species examined exhibited a gradation in gut structure, with some showing modifications more toward granivory and others toward folivory. These findings are supported by studies of food preferences in captivity. Modifications of the gut, enabling the potential for exploitation of a greater folivorous diet in some species compared to others, may be 1 way in which dietary partitioning as a method of coexistence may be promoted. Nonetheless, other mechanisms, such as spatial and temporal segregation, social tolerance, and behavioral differences, also may determine coexistence in this community.
There has been great interest in mechanisms facilitating the coexistence of ecologically similar rodents (Kronfeld-Schor and Dayan 1999; Leaver and Daly 2001) . Coexistence depends on mechanisms that will reduce interspecific competition and enhance overall individual fitness. Several mechanisms have been identified to explain coexistence in rodents, such as spatial (Heske et al. 1994 ) and temporal (Jones et al. 2001 ) segregation, differences in behavior (Price et al. 2000) , social tolerance (Perri and Randall 1999) , and dietary partitioning (Kotler and Brown 1999; Price and Heinz 1984) .
Dietary partitioning occurs when each species modifies its diet so that each exploits different food sources. In order for dietary partitioning to provide a mechanism for coexistence, each species must be more efficient at locating, ingesting, and digesting different foods than its competitors (Kotler and Brown 1999) . Dietary partitioning can be studied by the use of in situ food preference trials, whereby the giving up densities are measured in coexisting species and under different conditions to determine whether some species utilize particular food types more efficiently than their competitors (Kotler and Brown 1999; Perrin and Kotler 2005) . To determine dietary partitioning in such a manner requires that individual species within the community are identified, such as from the footprints of rodents (Kotler and Brown 1999; Perrin and Kotler 2005) .
However, it is not always possible to directly observe small rodents in dense habitats or to distinguish between species, and studies of stomach or fecal contents, for example, may provide only a snapshot of which foods are exploited; thus, results may vary depending on the season and food availability (KronfeldSchor and Dayan 1999) . Here, we propose an alternative method for assessing the potential for dietary partitioning to occur by examining the gut morphology of coexisting species. The morphology of the digestive tract determines the efficiency of processing food (Wang et al. 2003 ). Hence, differences in feeding habits should be reflected in morphology of the digestive tract (Ellis et al. 1994; Wang et al. 2003) . For example, the gut of folivorous animals should show specific modifications to facilitate the breakdown of plant cell walls (Cork et al. 1999) . Vorontsov (1962) suggested several morphological modifications in the gut that should be associated with a shift toward a folivorous diet to increase digestive efficiency. These include an increase in total length of the digestive tract; a relatively longer large intestine, cecum, and colon; an increase in volume of the cecum; a decrease in relative length of the small intestine; and a more complex unilocular glandular stomach. The opposite trends in morphology indicate a more granivorous or omnivorous diet or both (Wang et al. 2003) .
In the lowveld of South Africa, 6 ecologically similar species of rodents coexist in the same locality (N. Pillay, in litt.). All are nocturnal and inhabit the same habitats (De Graaff 1981) .
Although all species consume seeds (De Graaff 1981; Mushasha 1999) , studies in other parts of their distribution range suggest that they are omnivorous, with a diet often including foliage (Miller 1994; Monadjem 1997) . This ability to exploit a wide range of food types may result in differences in gut morphology across species and consequently enable dietary partitioning to occur, since some species may have a greater efficiency for digesting certain food types over other species in the community.
Using a comparative approach, we examined the gut morphology of the 6 species of rodents to assess their potential for exploiting different diets. We also conducted food preference trials in captivity to validate our observations on gut morphology. Although we did not establish the mechanism of dietary partitioning per se, our aim was to assess whether such a mechanism has the potential to occur among the 6 species of rodents.
MATERIALS AND METHODS
Data collection.-The 6 species of rodents used represent 4 subfamilies within the rodent family Muridae (Jansa and Weksler 2004; Meester et al. 1986; Musser and Carleton 2005) , including red veld rat (Aethomys chrysophilus) and multimammate mouse (Mastomys natalensis; subfamily Murinae), pouched mouse (Saccostomus campestris; subfamily Cricetomyinae), fat mouse (Steatomys pratensis; subfamily Dendromurinae), and highveld gerbil (Gerbilliscus [formerly Tatera] brantsii) and bushveld gerbil (Gerbilliscus [formerly Tatera] leucogaster; subfamily Gerbillinae). Study subjects were trapped in April 2000 in a mixed savanna woodland at Wits Rural Facility (31859S, 248339E) in the lowveld of South Africa. Parallel traplines (200 m long) were set up in tall grass alongside a mown airstrip. Metal live traps baited with a mixture of rolled oats, currants, salt, and oil were placed 10 m apart in each line. Traps were covered with grass to provide thermal insulation, set for 5 nights, and checked in early morning and late afternoon. Individuals of all species were captured during the single 5-night trapping session, and were distributed randomly along the traplines (i.e., no species pattern was observed in terms of trapping).
Because the rodents in this study are nocturnal, all individuals were obtained in morning trap checks. Most trapped animals would have spent 30-60 min in a trap before being removed (N. Pillay, in litt.). Individuals were euthanized (overdosed with intramuscular sodium pentobarbitone 200 mg and benzyl alcohol 2% at a dosage of 1 ml/kg body weight). Sex was determined and individuals were then weighed (to the nearest 1 g) and measured (head-body length to the nearest 1 mm). Thereafter, the digestive tract from the gastroesophageal junction to the anus was dissected out. Excess adipose and connective tissue surrounding the tract was removed and the tract was blotted to remove blood and other fluids.
The tract was straightened but not stretched and, after measuring the total length of the gut on a clean flat surface to the nearest 0.1 mm, the tract was separated into stomach, small intestine, cecum, and large intestine. The following measurements were then recorded (after Perrin and Curtis 1980; Schwaibold and Pillay 2003) : length of the large and small intestine; length of the colon and cecum; and volume of the cecum, calculated using the formula pr 2 l, where r is average radius of the organ (calculated as the mean of 5 measurements taken along the length of the organ) and l is length of the organ. The following proportions also were determined: length of hindgut to body length, length of the small and large intestine to total gut length, and length of the cecum and colon to total -Sum of ranks derived from mean scores for each component of the gut (corrected for post hoc comparisons) for 6 coexisting species of rodents. A lower sum of ranks indicates a gut morphology more adapted for folivory compared to the other species, whereas a higher sum of ranks indicates a gut structure less modified for folivory (greater potential for granivory) compared to the other species. gut length. We also dissected the stomach along the sagittal section and recorded the ratio of the nonglandular to glandular regions inside the stomach. High ratios are indicative of a more folivorous diet because the nonglandular region is responsible for the mechanical breakdown of vegetation (Perrin and Curtis 1980) . After thoroughly clearing the gut contents and air-drying the organs, we weighed (to the nearest 0.01 g with a benchtop Mettler balance; Microsep, Johannesburg, South Africa) the following components: stomach, small intestine, large intestine (including colon and rectum), and cecum.
Food preference trials were conducted for 8 individuals of each of the 6 species of rodents to assess whether they preferentially consumed vegetation or seeds that occurred in the study site. The rodents were individually housed in holding cages (400 Â 250 Â 100 mm), provided with wood shavings as bedding. Each individual was subjected to 3 treatments conducted on 3 consecutive days. Each treatment comprised 1 of 3 food types, either 4 species of grass (Andropogon chinensis, Aristida stipitata, Themeda triandra, and Trachypogon spicatus), seedlings of 3 species (Acacia nilotica, Acacia tortilis, and Dichrostachys cinerea), or seeds of 4 species (Acacia gerrardii, Acacia nilotica, Peltophorum africanum, and Terminalia sericea). The sequence of treatments was varied randomly for each individual rodent. In each treatment, rodents were presented with 5 g of grass, 5 g of seedlings, or 5 g of seeds overnight. The next morning, we counted the number of individuals of each species that consumed the food presented. Individuals typically either consumed all or none of the food, so individuals were considered to have consumed the food only when all of the food provided was absent in the mornings. For this reason, we report the number of individuals that consumed each type of food (because the mass presented was the same for each food type) rather than the mass of food consumed. Epol mouse cubes (Epol, Pretoria, South Africa) were available during nontest times and for 3 h before tests; water was provided at all times.
Data analyses.-Six linear measurements known to reflect a folivorous diet (Voronstov 1962) were compared among the 6 species. These were: 1) the proportional length of the hindgut relative to body length; the relative length of the 2) small intestine, 3) large intestine, and 4) colon and rectum; 5) the relative volume of the cecum to total length of the gut; and 6) the nonglandular : glandular ratios in the stomach. The data set was arcsine transformed to approximate normality. Thereafter, the data for each component of the gut measured were regressed against body size (head-body length) and the residuals from the regression (corrected for body size) were subjected to a multivariate analysis of variance (MANOVA), in which the rodent species was the independent factor and the gut components were the dependent factors. Tukey honestly significant difference post hoc comparisons were used to establish specific differences among species. Cluster analysis using Ward's weighted hierarchical analysis was performed on the size-free transformed variables to group species based on the 6 linear measurements mentioned above. Comparisons of the masses of the gut components also were done using a MANOVA, after we 1st calculated the proportion of each component in relation to total mass of the gut, arcsin transformed the data set, and obtained the residuals from regressions against body mass.
Wilcoxon matched pairs tests were used to assess food preferences by comparing the number of individuals that consumed vegetation and seeds for each species of rodent. Data for grass and seedlings were pooled to obtain an overall consumption of vegetation. We followed guidelines approved by the American Society of Mammalogists (Gannon et al. 2007 ) for the capture, handling, and care of mammals.
RESULTS
Comparative gut morphology.- Table 1 provides a summary of the linear measurements recorded for each of the 6 species. Steatomys pratensis and A. chrysophilus were the shortest and longest of the 6 species, respectively. The species of rodent was a significant predictor of the linear measurements of the gut (F ¼ 8.58, d.f. ¼ 6, 30, P , 0.001). Of the 6 components of the gut analyzed, post hoc comparisons showed differences among the species for all components except the nonglandular : glandular ratio in the stomach (Table 1) .
The mean value of each gut component (Table 1) was ranked according to Vorontsov's (1962) predictions for a folivorous diet. For example, a longer relative large intestine suggests a modification of the gut allowing for greater efficiency in exploiting a folivorous diet, so the species that had the greatest value for this parameter was allocated a rank of 1 and the smallest allocated a rank of 6. After correcting for post hoc difference or similarity between pairs of species (i.e., ranks for species that had a nonsignificant overlap for a component received a similar score; Table 1), scores ranged from 1 (most folivorous) to 3 (most granivorous). We inferred that a species ranked 1 in this example demonstrated a more folivorous gut component compared to the other species but acknowledge that this does not necessarily imply that the species is entirely folivorous. From the sum of ranks for all components, there was a gradation in gut morphology (Fig. 1) , ranging from S. campestris, which exhibited a gut structure most modified for folivory compared to the other species (i.e., a comparatively longer gut, including small and large intestine, colon, and rectum, and greater volume of the cecum; Table 1), to S. pratensis, which exhibited a gut structure least modified for folivory (i.e., comparatively shorter overall gut, including small and large intestine, colon, and rectum, and a smaller volume of the cecum; Table 1 ).
Ward's hierarchal cluster analysis showed that the 6 species were grouped into 2 major groupings based on a broad modification of the gut for folivory or granivory (i.e., the granivorous S. pratensis and M. natalensis had the most similar structures of their guts, which differed from the remaining 4 species; Fig. 2) .
The species of rodent significantly influenced the masses of the gut components (proportion of total mass of the gut) among the species (F ¼ 4.95, d.f. ¼ 4, 20, P , 0.001). Post hoc tests revealed that there was no difference in mass of the stomach among the species (post hoc tests; Table 2 ). The other components varied among the species, and interestingly, the species identified as folivores (above) generally had greater masses of their large intestines and ceca, whereas the granivores had heavier small intestines (Table 2) . We did not use mass of the components to infer diet of the 6 rodent species, because many studies indicate that length of the gut is a better predictor of diet (Perrin and Curtis 1980; Schwaibold and Pillay 2003; Vorontsov 1962) .
Food preferences.-Significantly more seeds than vegetation were consumed by M. natalensis (z ¼ À2.71, N ¼ 8, 5, P , 0.01) and S. pratensis (z ¼ À2.74, N ¼ 8, 5, P , 0.01; Fig. 3) . None of the remaining species showed a significant preference for seeds over vegetation (Fig. 3) .
DISCUSSION
We compared the structure of the gut of 6 coexisting species of rodents to determine whether some have the potential to exploit different food resources more efficiently than others, and ultimately whether dietary partitioning as a mechanism of coexistence has the potential to occur in this community. Although the 6 species are generally considered granivorous (De Graaff 1981; Mushasha 1999) , our findings indicate a gradation in the modification of the gut toward folivory among the 6 species, which supports previous reports of their having a wider diet, including foliage (Miller 1994; Monadjem 1997) . The results of food preference trials, which were used to validate our assumptions of feeding habits, concurred with those of our examination of gut morphology in terms of the overall patterns of granivory and folivory.
Gut morphology was not influenced by phylogeny, because species belonging to the same subfamily were not necessarily the most similar (e.g., M. natalensis and A. chrysophilus). Even the 2 species of Gerbilliscus showed different morphologies of the gut, with G. brantsii showing greater potential for folivory than G. leucogaster. S. pratensis and M. natalensis showed the least morphological modifications toward folivory and were the only 2 species that preferred seeds over vegetation in food preference trials. Similar high levels of granivory in both species have been reported previously (De Graaff 1981) . The gut structure of S. campestris and A. chrysophilus showed a greater tendency for folivory-omnivory, with the 2 species of Gerbilliscus occupying an intermediate position. These conclusions are supported by data from food preference trials.
Perrin and Curtis (1980) studied the gut structure of 19 species of rodents from southern Africa, including the 6 species 10.7 (1.10) b considered here but originating from different localities. Of the 19 species, they ranked S. campestris 3rd in showing the most folivorous gut structure behind 2 species known as specialist folivores. Despite this, they classified S. campestris as granivorous based on other published findings, which is inconsistent with the findings based on gut morphology in both of our studies. However, in another study, Kerley (1992) found a higher percentage of vegetation than seeds in the stomach contents of wild-caught S. campestris.
Perrin and Curtis (1980) also indicated that S. pratensis exhibited a more folivorous gut structure compared to the 2 species of Gerbilliscus and M. natalensis, whereas we showed that the structure of the gut of S. pratensis had the least modifications for folivory. This discrepancy could potentially be explained by the unique biology of S. pratensis and the composition of the rodent community in our study. S. pratensis stores fat and enters torpor (De Graaff 1981) , which allows it to conserve energy when food is limited, and to increase food intake when preferred food resources are abundant and hence competition for resources is reduced (Richardson and Perrin 1992) . Therefore, S. pratensis may be more selective toward a higher-quality diet in the face of high interspecific competition.
Dietary partitioning can be an effective mechanism in reducing competition for resources between ecologically similar, coexisting species (Kotler and Brown 1999; Krebs and Davies 1997; Price and Heinz 1984) , particularly when food is limited. We did not test a hypothesis of interspecific competition for resources, but we suggest that species that have a greater tendency for folivory (e.g., S. campestris) may have a lower competitive ability for processing seeds, but might be able to exploit a wider dietary composition when interspecific competition is high. In support, the food preference study indicated that in the absence of competition, S. campestris showed a high preference for seeds, as reported elsewhere (De Graaff 1981) . However, these assumptions should be tested in future studies.
Our study suggests that differences in the structure of the gut and food preferences among 6 coexisting species of rodents demonstrates their abilities to potentially exploit different food types, ranging from granivory to folivory. If such differences in gut morphology enable some species to exploit particular food types more efficiently than their competitors, we suggest that gut morphology is an important determinant as to whether dietary partitioning has the potential to occur in communities. Nonetheless, further studies are necessary to examine whether dietary partitioning is a mechanism actually employed in this community. We are aware that within a community, a number of mechanisms, such as spatial and temporal segregation, social tolerance, and behavioral differences, acting singly or in combination, also could promote coexistence.
